Introduction {#Sec1}
============

Final states with hadronically decaying tau leptons play an important part in the physics programme of the ATLAS experiment \[[@CR1]\]. Examples from Run 1 (2009--2013) of the Large Hadron Collider (LHC) \[[@CR2]\] are measurements of Standard Model processes \[[@CR3]--[@CR7]\], Higgs boson searches \[[@CR8]\], including models with extended Higgs sectors \[[@CR9]--[@CR11]\], and searches for new physics phenomena, such as supersymmetry \[[@CR12]--[@CR14]\], new heavy gauge bosons \[[@CR15]\] and leptoquarks \[[@CR16]\]. These analyses depended on robust tau reconstruction and excellent particle identification algorithms that provided suppression of backgrounds from jets, electrons and muons \[[@CR17]\].

With the discovery of a Higgs boson \[[@CR18], [@CR19]\] and evidence for the Higgs-boson Yukawa coupling to tau leptons \[[@CR8], [@CR20]\], a key future measurement will be that of the *CP* mixture of the Higgs boson via spin effects in $\documentclass[12pt]{minimal}
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                \begin{document}$$H\rightarrow \tau \tau $$\end{document}$ decays \[[@CR21]--[@CR23]\]. This measurement relies on high-purity selection of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau ^{-} \rightarrow \pi ^{-} \nu $$\end{document}$, $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau ^{-} \rightarrow \pi ^{-} \pi ^0 \nu $$\end{document}$ and $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau ^{-} \rightarrow \pi ^{-} \pi ^+ \pi ^{-} \nu $$\end{document}$ decays, as well as the reconstruction of the individual charged and neutral pion four-momenta. The tau reconstruction used in ATLAS throughout Run 1 (here denoted as "Baseline"), however, only differentiates tau decay modes by the number of charged hadrons and does not provide access to reconstructed neutral pions.

This paper presents a new method (called "Tau Particle Flow ") of reconstructing the individual charged and neutral hadrons in tau decays with the ATLAS detector. Charged hadrons are reconstructed from their tracks in the tracking system. Neutral pions are reconstructed from their energy deposits in the calorimeter. The reconstructed hadrons, which make up the visible part of the tau decay ($\documentclass[12pt]{minimal}
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                \begin{document}$$\tau _{\mathrm{had}{\text {-}}\mathrm{vis}}$$\end{document}$), are used to classify the decay mode and to calculate the four-momentum of reconstructed $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau _{\mathrm{had}{\text {-}}\mathrm{vis}}$$\end{document}$ candidates. The superior four-momentum resolution from the tracking system compared to the calorimeter, for charged hadrons with transverse momentum ($\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text {T}}$$\end{document}$) less than $\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {GeV}$$\end{document}$, leads to a significant improvement in the tau energy and directional resolution. This improvement, coupled with the ability to better identify the hadronic tau decay modes, could lead to better resolution of the ditau mass reconstruction \[[@CR24]\]. The performance of the Tau Particle Flow is validated using samples of real hadronic tau decays and jets in *Z*+jets events selected from data. The samples correspond to $\documentclass[12pt]{minimal}
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                \begin{document}$$5\,\mathrm{fb}^{-1}$$\end{document}$ of data collected during proton--proton collisions at a centre-of-mass energy of $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s} = 8\,\text {TeV}$$\end{document}$, which was the amount of data reprocessed using Tau Particle Flow. While similar concepts for the reconstruction of hadronic tau decays have been employed at other experiments \[[@CR25]--[@CR31]\], the Tau Particle Flow is specifically designed to exploit the features of the ATLAS detector and to perform well in the environment of the LHC.

The paper is structured as follows. The ATLAS detector, event samples, and the reconstruction of physics objects used to select $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau _{\mathrm{had}{\text {-}}\mathrm{vis}}$$\end{document}$ candidates from the $\documentclass[12pt]{minimal}
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                \begin{document}$$8\,\text {TeV}$$\end{document}$ data are described in Sect. [2](#Sec2){ref-type="sec"}. The properties of $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau _{\mathrm{had}{\text {-}}\mathrm{vis}}$$\end{document}$ decays and the Tau Particle Flow method are described in Sect. [3](#Sec6){ref-type="sec"}, including its concepts (Sect. [3.1](#Sec7){ref-type="sec"}), neutral pion reconstruction (Sect. [3.2](#Sec8){ref-type="sec"}), reconstruction of individual photon energy deposits (Sect. [3.3](#Sec9){ref-type="sec"}), decay mode classification (Sect. [3.4](#Sec10){ref-type="sec"}) and $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau _{\mathrm{had}{\text {-}}\mathrm{vis}}$$\end{document}$ four-momentum reconstruction (Sect. [3.5](#Sec11){ref-type="sec"}). Conclusions are presented in Sect. [4](#Sec12){ref-type="sec"}.

ATLAS detector and event samples {#Sec2}
================================

The ATLAS detector {#Sec3}
------------------

The ATLAS detector \[[@CR1]\] consists of an inner tracking system surrounded by a superconducting solenoid, electromagnetic (EM) and hadronic (HAD) calorimeters, and a muon spectrometer. The inner detector is immersed in a 2 T axial magnetic field, and consists of pixel and silicon microstrip detectors inside a transition radiation tracker, which together provide charged-particle tracking in the region $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |<2.5$$\end{document}$.[1](#Fn1){ref-type="fn"} The EM calorimeter is based on lead and liquid argon as absorber and active material, respectively. In the central rapidity region, the EM calorimeter is divided radially into three layers: the innermost layer (EM1) is finely segmented in $\documentclass[12pt]{minimal}
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                \begin{document}$$\gamma / \pi ^0$$\end{document}$ separation, the layer next in radius (EM2) collects most of the energy deposited by electron and photon showers, and the third layer (EM3) is used to correct leakage beyond the EM calorimeter for high-energy showers. A thin presampler layer (PS) in front of EM1 and in the range $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < 1.8$$\end{document}$ is used to correct showers for upstream energy loss. Hadron calorimetry is based on different detector technologies, with scintillator tiles ($\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < 1.7$$\end{document}$) or liquid argon ($\documentclass[12pt]{minimal}
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                \begin{document}$$1.5 < |\eta | < 4.9$$\end{document}$) as active media, and with steel, copper, or tungsten as absorber material. The calorimeters provide coverage within $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |<4.9$$\end{document}$. The muon spectrometer consists of superconducting air-core toroids, a system of trigger chambers covering the range $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |<2.4$$\end{document}$, and high-precision tracking chambers allowing muon momentum measurements within $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |<2.7$$\end{document}$. A three-level trigger system is used to select interesting events \[[@CR32]\]. The first-level trigger is implemented in hardware and uses a subset of detector information to reduce the event rate to a design value of at most 75 kHz. This is followed by two software-based trigger levels which together reduce the average event rate to 400 Hz.

Physics objects {#Sec4}
---------------

This section describes the Baseline $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau _{\mathrm{had}{\text {-}}\mathrm{vis}}$$\end{document}$ reconstruction and also the reconstruction of muons and the missing transverse momentum, which are required for the selection of samples from data. Tau Particle Flow operates on each reconstructed Baseline tau candidate to reconstruct the charged and neutral hadrons, classify the decay mode and to provide an alternative $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau _{\mathrm{had}{\text {-}}\mathrm{vis}}$$\end{document}$ four-momentum. Suppression of backgrounds from other particles misidentified as $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tau _{\mathrm{had}{\text {-}}\mathrm{vis}}$$\end{document}$ is achieved independently of the Tau Particle Flow.
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                \begin{document}$$\tau _{\mathrm{had}{\text {-}}\mathrm{vis}}$$\end{document}$ reconstruction and energy calibration, and the algorithms used to suppress backgrounds from jets, electrons and muons are described in detail in Ref. \[[@CR17]\]. Candidates for hadronic tau decays are built from jets reconstructed using the anti-$\documentclass[12pt]{minimal}
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                \begin{document}$$k_{t}$$\end{document}$ algorithm \[[@CR33], [@CR34]\] with a radius parameter value of 0.4. Three-dimensional clusters of calorimeter cells calibrated using a local hadronic calibration \[[@CR35], [@CR36]\] serve as inputs to the jet algorithm. The calculation of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau _{\mathrm{had}{\text {-}}\mathrm{vis}}$$\end{document}$ four-momentum uses clusters within the *core region* ($\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta R<0.2$$\end{document}$ from the initial jet-axis). It includes a final tau-specific calibration derived from simulated samples, which accounts for out-of-cone energy, underlying event, the typical composition of hadrons in hadronic tau decays and contributions from multiple interactions occurring in the same and neighbouring bunch crossings (called pile-up). Tracks reconstructed in the inner detector are matched to the $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau _{\mathrm{had}{\text {-}}\mathrm{vis}}$$\end{document}$ candidate if they are in the core region and satisfy the following criteria: $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text {T}} >1\,\text {GeV}$$\end{document}$, at least two associated hits in the pixel layers of the inner detector, and at least seven hits in total in the pixel and silicon microstrip layers. Furthermore, requirements are imposed on the distance of closest approach of the tracks to the tau primary vertex in the transverse plane, $\documentclass[12pt]{minimal}
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                \begin{document}$$|z_0\sin \theta |<1.5$$\end{document}$ mm. The $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau _{\mathrm{had}{\text {-}}\mathrm{vis}}$$\end{document}$ charge is reconstructed from the sum of the charges of the associated tracks.
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                \begin{document}$$\tau _{\mathrm{had}{\text {-}}\mathrm{vis}}$$\end{document}$ candidates originating from quark- and gluon-initiated jets are discriminated against by combining shower shape and tracking information in a multivariate algorithm that employs boosted decision trees (BDTs) \[[@CR37]\]. The efficiency of the jet discrimination algorithm has little dependence on the $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau _{\mathrm{had}{\text {-}}\mathrm{vis}}$$\end{document}$ candidates (evaluated using candidates with $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text {T}} >15\,\text {GeV}$$\end{document}$) or on the number of reconstructed primary vertices, which is correlated to the amount of pile-up, and has been evaluated up to a maximum of 25 primary vertices per event. All $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau _{\mathrm{had}{\text {-}}\mathrm{vis}}$$\end{document}$ candidates are required to have $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\text {T}} {} > 15\,\text {GeV}$$\end{document}$, to be in the fiducial volume of the inner detector, $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < 2.5$$\end{document}$, and to have one or three associated tracks. They must also meet jet discrimination criteria, corresponding to an efficiency of about 55 % (40 %) for simulated $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau _{\mathrm{had}{\text {-}}\mathrm{vis}}$$\end{document}$ with one (three) charged decay products \[[@CR17]\], leading to a rate of false identification for quark- and gluon-initiated jets of below a percent. A discriminant designed to suppress candidates arising from the misidentification of electrons \[[@CR17]\] is also applied.

Muons are reconstructed using tracks in the muon spectrometer and inner detector \[[@CR38]\]. The missing transverse momentum is computed from the combination of all reconstructed and fully calibrated physics objects and the remaining clustered energy deposits in the calorimeter not associated with those objects \[[@CR39]\].

Event samples and selection {#Sec5}
---------------------------

The optimisation and measurement of the $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau _{\mathrm{had}{\text {-}}\mathrm{vis}}$$\end{document}$ reconstruction performance requires Monte Carlo simulated events. Samples of simulated *pp* collision events at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sqrt{s}=8\,\text {TeV}$$\end{document}$ are summarised in Table [1](#Tab1){ref-type="table"}. Tau decays are provided by $\documentclass[12pt]{minimal}
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                \begin{document}$$Z \rightarrow \tau \tau $$\end{document}$ events. The *sophisticated tau decay* option of [Pythia 8]{.smallcaps} is used, which provides fully modelled hadronic decays with spin correlations \[[@CR40]\]. Tau decays in the $\documentclass[12pt]{minimal}
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                \begin{document}$$t\bar{t}$$\end{document}$ sample are generated by [Tauola]{.smallcaps} \[[@CR41]\]. Photon radiation is performed by [Photos]{.smallcaps} \[[@CR42]\]. Single-pion samples are also used, in which the pions originate from the centre of the ATLAS detector and are generated to have a uniform distribution in $\documentclass[12pt]{minimal}
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                \begin{document}$$200\,\text {MeV}< E < 2\,\text {TeV}$$\end{document}$).Table 1Details regarding the simulated samples of *pp* collision events. The following information is provided for each sample: the generator of the hard interaction, parton shower, hadronisation and multiple parton interactions; the set of parton distribution functions (PDFs) and the underlying event (UE) tune of the Monte CarloProcessGeneratorPDFsUE tune$\documentclass[12pt]{minimal}
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                \begin{document}$$W\rightarrow \mu \nu $$\end{document}$[Alpgen]{.smallcaps} \[[@CR46]\]+[Pythia 8]{.smallcaps}[CTEQ6L1]{.smallcaps}[Perugia]{.smallcaps} \[[@CR47]\]$\documentclass[12pt]{minimal}
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                \begin{document}$$W \rightarrow \tau \nu $$\end{document}$[Alpgen]{.smallcaps}+[Pythia 8]{.smallcaps}[CTEQ6L1]{.smallcaps}[Perugia]{.smallcaps}$\documentclass[12pt]{minimal}
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The response of the ATLAS detector is simulated using [Geant4]{.smallcaps} \[[@CR54], [@CR55]\] with the hadronic-shower model [QGSP_BERT]{.smallcaps} \[[@CR56], [@CR57]\]. The parameters of the underlying event (UE) simulation were tuned using collision data. Simulated *pp* collision events are overlaid with additional minimum-bias events generated with [Pythia 8]{.smallcaps} to account for the effect of pile-up. When comparing to the data, the simulated events are reweighted so that the distribution of the number of pile-up interactions matches that in the data. The simulated events are reconstructed with the same algorithm chain as used for the collision data.
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                \begin{document}$$\tau _{\mathrm{had}{\text {-}}\mathrm{vis}}$$\end{document}$ candidates are selected from the data using a *tag-and-probe* approach. Candidates originating from hadronic tau decays and jets are obtained by selecting $\documentclass[12pt]{minimal}
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                \begin{document}$$Z(\rightarrow \mu \mu )\mathrm{+jets}$$\end{document}$ events, respectively. The data were collected by the ATLAS detector during *pp* collisions at $\documentclass[12pt]{minimal}
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                \begin{document}$$\sqrt{s}=8\,\text {TeV}$$\end{document}$. The sample corresponds to an integrated luminosity of 5 fb$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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The goal of the Tau Particle Flow is to classify the five decay modes and to reconstruct the individual $\documentclass[12pt]{minimal}
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Concepts of the Tau Particle Flow method {#Sec7}
----------------------------------------
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Reconstruction and identification of neutral pions {#Sec8}
--------------------------------------------------
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Reconstruction of individual photon energy deposits in EM1 {#Sec9}
----------------------------------------------------------
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Decay mode classification {#Sec10}
-------------------------

Determination of the decay mode by counting the number of reconstructed $\documentclass[12pt]{minimal}
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Four-momentum reconstruction {#Sec11}
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Summary and conclusions {#Sec12}
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This paper presents a new method to reconstruct the individual charged and neutral hadrons in tau decays with the ATLAS detector at the LHC. The neutral pions are reconstructed with a core energy resolution of $\documentclass[12pt]{minimal}
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ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector and the *z*-axis along the beam direction. The *x*-axis points from the IP to the centre of the LHC ring, and the *y*-axis points upward. Cylindrical coordinates $\documentclass[12pt]{minimal}
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